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ABSTRACY
The Frequency Standards Laboratory at the Jet
Propulsion J.aboratory (JP1.) is responsible for the
gencration and distribution ol ultra-stable reference
frequencies in NASA’s Deep Space Network (DSN).
Certain assemblies and components of the Radio
Science and VIBI systems are located in the cones
of tracking antennas hundreds of meters from the
Frequency and Timing Subsystem’s frequency stan-
dards.  Untl 1ccently, signals from the hydrogen
mascr frequency standards to the antennas were
distributed via coaxial cables which are particularly
sensitive to temperature variations as well as mag-
netic ficlds. The distribution design deseribed in this
paper s based on optical fibers which are less
susceptible to environmental effects than are coaxial
cables. :

The temperature profile from the carth’s surface to
a depth of six feet over a time period of six months
was uscd to optimize the placement of the fiber optic
cables. In-situ cvaluation of the fiber optic link
performance indicates Allan deviation on the ordar
of parts in 1 0'¢at 1000 scconds averaging time; thus,

the stability of the link is not degraded by environ-
mental conditions. Optical fibers and clectro-optic
devices as distribution media appear to maintain
hydrogen maser stability at the antenna location.

INTRODUCTION

The Yrequency and ‘Tine Systemns Fngineering
Group at the Jet Propulsion Laboratory (JP1) is
responsible for the implementation of stable 1efer-
cnce frequency sourees and the distribution of time
and ficquency signals in the NASA Decep Space
Network (1DSN). The source of the reference signal
typically is a hydrogen mascr, the quictest and most
stable frequency standard in existence at the present
time. The end users of these low-noise, stable signals
typically are located in the cone arcas of spaccecrall
tracking antennas which may be bundreds of meters
fromthesignalsource. Thedistribution systemwhich
carrics thesignal to the antennasissubjected to haish
cnvitonmental conditions: extremes of teiperature,
clectromagnetic and radio frequency signals, and
vibration. 'The signal source, a hydrogen mascer, is
maintained inan environmentally controlled room at
the Signal Processing Center (SPC). The rmbl(zm
then is to preserve hydrogen mascr stability per-
formance throughout the distribution system.

This paper deals with the impact of envitonment on
the signal distribution system. Tfforts have been
madc to characterize environmental effeets and to
design the distribution system to minimize the effects
of envirtonment on the reference signal. Certain of
the radio science experments such as planctary
occultation and gravity wave mcasurcments place
stability requirements on the frequency standaids of
1.5 parts in 10" at 1000 scconds and 3600 sceonds
averaging times. 'Phe short tenm stability 1equire-
mentis 2 parts in 10 at one scecond. The hydrogen
mascr is capable of this performance at the sourcee,
but to assure that the signal delivered to the antenna

1 'This work represents one phase of 1escarch carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under a contract sponsored by the National Acronautics and Space Administra-

tion.




mcets requirements, the distribution system must be
an order of magnitude superior in performance. The
preatest  deterient to mecting  these  stability
requirements is the exposure of distribution com-
ponents, including cabling, to the temperature vari-
ations between the SPC and the antenna cone arca.

The design of the reference frequency distribution
system described in this paper is based on optical
fibers.  The measured temperature cocefficient of
delay (1CD) for one type of optical fiber used in this
application is less than 1 part per million per °C as
comparcd with conventional single mode optical
fiberwith a TCD of approximately 7 parts per million
per °C. The optical transmitter used in the distii-
bution assembly is a commercial, single-mode dis-
tributed feedback laser diode with intepral optical
isolator. A companion  optical recciver and
distribution amplifiers are located in the cone arca
of the antennas.,

TIEMPERATURIS EFFECTS

The cables which distribute the reference signals to
the antennas at Deep Space Station 15 (DSS 15) are
cxposed to extreme temperature variations, Fgure
Tisaplotof surface temperatures at DSS 15 recorded
cvery Tour hours for the period 11 Junce 1992 10 14
June 1992, Note the extremes from a low of about
12°Cto a high near 55°C with anaverage AT of 35°C.
The length of the cable run from the SPC to the base
of the antennais approximately 500 meters. Inorder
to reduce the effects of temperature variation on the
cable, the cables are run through ducts which are at
a depth of 1.5 meters bencath the carth’s surface.
‘The decision to bury the cables at this depth was
bascd ontemperature data recorded over aninterval
of several months,
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Thetempera ture profile of the carthwas determined
by buryingthcimocouplesatdepths of 0.604, ().9()6,
1.208," 1.51, and 1.812 mcters andemployinga data
loggerwithacomputerattachedtoiccord these. data.
‘ink results of these measurementsarcshownin the
graph Of Figui ¢ 2. Mcasurementswerebegunon14
January 1992 and were terminated (by accident) on
26 Junc 1992. Carcfulanalysis of this dataindicates
that acable depth near 60 inches reduces the tem-
perature variations at the cable to meet the required
stability at the antenna reference  distribution
cquipment. Note in Figure 2 e line with e larger
variations from day to dayisthcsurface temperature
averaged over a 24 hour period. 1 ‘or more detail, the
samctemperature datarcducedtothe period L Junce
1992 through 26 Junc 1992 is shown in Figure 3. The
groundtemperatmcatadenth Of 1.5metersisshown
in Figure 4.
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An independent ground temperature study was
undertaken at PSS 13 in 1991 with two thermocou-
ples, cach buied 1.5 meters. DSS 13 and DSS 15 arc
separated by adistance of 29 kilometers. The data
takenat 1SS13isshownin 1igure 5 cotroborates
the DSS 15 data. Obscrve the eyclic natuie of the
temperaturcatadepth of 1.5 metersin the. Mojave
descrl
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A curve-fittine_ routine was usced to deter mine a
temperature  versusdepthattenvationmodel. The
"best-1it" equation for this model is

AT AT (3.295800982- 2.4761 60H6 X /7Y

where AT is the temperature variation at depth x
metersand A7 jis thesul face temperature vat iation,
Computations show thattemperature variations arc
attenvated ny 21 dBatadepthof ().906 metes, 30
dB at 1 .208 meters, and 45 dB at 1 .s1 maters. An
¢ ngincer ing decision was made to bury the cable

ductsas ncat 1.5 meters as possible. Figure 6 is a plot
of temperature change as a function of distance
beneath the surface of the carth.
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Figure 6. Temperature Change versus Depth of Cable

STABILITY versus TEMPERATURE

With approximately S00 meters of the cable under-
ground at a depth of 1.5 meters, there stll reinains
ncarly S0 meters of cable from the base of the
antennato thenconcarca. This S0meterrunof cable
is exposcd to extremes of hot desert sun dircetly on
the cable and the low temperature of the night. The
mechanics of climinating temperature varitions on
the exposed section of cable render this task unfca-
sible at the present tine. To mitigate the effects of
temperature on the exposed cable, a special optical
fiber with a low thermal coelficient of delay (1.1CD)
has been installed. The thernmal cocfficient of delay
for this fiber is less than 1 ppm/°C for temperaturces
below 359C.

Thesignal stability duc to the temperature vatiations
ovel l%)(: S0 meters of exposed fiber optic cable is
calculated as follows:

AL ANLN360°/ N -
ANl = TENT

Where Ad s the change in phase delay introduced
by the temperature variation A7, ks the thermal
cocflicient of delay of the fiber in ppm/°C, 1. is the
optical fiber length in meters, and &, is the wave-
Icngth of the reference signal inthe medium (at 100
Mz in glass, the wavelength is 2.1 m). Calculating
the phase change for a 35° C peak-to-peak temper-
ature excusion over a 24 hour period yields a
peak-to-peak phasc variation of 0.1207 at 100 M1z
The caleulated  fractional  frequency  vanation
N7 1 ofor 24 hour averaging is 3.6x 10017 and at
1000 sceond averaging times is 2.42x 10010 The




1000 sccond calculation is based on the assumption
that the phasce variation 1s a 0.120° peak-to-peak
sinusoid with a per iod of 86,400 scconds.
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Figure 7. Meosured Phase Chonge, 100 Mz, D55 30

Phasc data for the same time interval was mcasured
using a two-way {iber optic link at 1SS 15, thus the
data shown in Figurce 7 is twice the actual phasc
deviation. 'The peak-to-peak phase changesover the
uplink fiber are then approximately 0.075°/Day. The
crior between caleulated phase change and mca-
surcd phasc may be attributed to the fact that the
temperature was measured at the ground surface but
in fact the cable run up the antenna was in shade for
a substantial portion of the 24 hour interval which
would render less than the 30° peak-to-peak used for
estimating the fractional frequency variation.

This mcasured phase data was usced to numcerically
calculate the Allan deviation for the fiber link [1].
Figure 8 is a plot of Allan Deviation o versus aver-
aging time v determined from a numcerical analysis of
the data of Figure 7. Since the two-way link
contributes lincarly to the total phasc deviation, the
Sigima values shown in Figure 7 may be divided by 2
toyield :

o= 8100 atr= 1000 Sceonds and
o= 43100 at 1 Day Averaging time,

which is more than an order of magnitude lower than
radio scicnee system requirements at the present
time.

Temiperature variations inside the antenna cquip-
ment room where the fiber optic terminal hardwarce
is located indicate as great as 2° C peak to peak over
a 24 how period. Temperature control ()fl the most
sensitive c{ccll'onics modules in the receiver reduces
ambient temperature changes by a factor of 25, thus
the sipnal stability is not degraded by these temper-
ature changes. At the transmitter end of the fiber
optic link, control room temperaturce is maintained
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within 1°C and the lascr transmitter has an internal
thermoclectric cooler. Therefore, the stability of the
1cference signal at the antennais primarily a function
of the outside temperature variations and the char-
acteristics of the optical fiber and is affected
minimally by the terminal cquipment.

OTHER ENVIRONMENTAL EFFECTS

Accelerometers were used to measure vibrations in
the antenna near the arca of the equipment location
[2). Antenna tracking motion and wind induced
vibrations typically arc less than 1 mG rms and arc
confined to ficquencices below 15 Hertz, AtDSS 15,
avery sharpspurious vibrationresponsc at 29.5 Herty,
has been identified as induced by the air-handlers.
‘The magnitude of this spur can be as great as 16 mG
ris. Vibration frequencies of thisorder of nagnitude
can causc optical back-reflections which manifest
themselves as phasc-noise in the laser. To climinate
phasc noise caused by back-rellection, an in-line
optical isolator has been installed at the output port
of the laser.  Test results indicate that vibration
magnitudes as great as 100 mG have no effect onthe
lascr phasc noise performance with the isolaton
installed [3].

The fiber optic electronics hardware as well as the
optical fiber cable have been humidity tested from
10% to 90% rclative humidity with no apparcint
degradation of performance. Atmospheric pressure
testing has shown the equipment’s phase noise and
stability performance to be insensitive o pressure
changes.

Radio frequency and magnetic interference can be a
source of signal degradation. The optical fibers arc
itmunc to both 1fi and cmi since glass is not an
clectrical conductor. The receiver and distribution
amplificis at the antenna are enclosed in rfijemi
shiclded enclosures to reduce the cffects ol local




ficlds on the electronics and copper cables, Mea-
surements of the rf reference signal indicate that
there are no spurious frequencies present at the
output ports of the terminal equipment.

CONCILUSIONS

Stability measurements indicate that the 100 MHz
refer ence frequency signal for radio science experi-
ments meets  Or exceeds requirements.  Environ-
mental temperature effects have beenreduced by (1)
employingan optical fiber with a wry low ther mal
coefficient of delay, (2) running the fiber cable
underground ducts at a depth of fivefc.et, and (3)
providing thermoclectric temperature  control for
the terminal equipment. Vibration induced optical
back-reflections  effects are minimized by using
optical isolators in-line with the laser transmitter.
Interference  due to stray radio frequencies and
magnetic fields are minimized by shielding the elec-
tronics and by employing optical fibers as the trans-

Rssippynedium.
() date, fiber optic distributionfor reference fi e-

quencieshas been installed and tested successtully at
three NASA/IPL, 34 meter antenna sites. Three
more installations arc to be completed at the /0
meter tracking antennas by the Fall of 1993,

REFERENCES

1. C. A Greenhall, “"Frequency  Stability
Review", TDAProgress Report 42-88, pp 7200-? 172,
Jet Propulsion l.ahol-story, December 1986.

2.1.1aw and R. Taylor, "Goldstone Auntenna Environ-
ment Test Reprort”, Jet Propulsion Taboratory Internmal
Report, January 1987,

3. ] . White, M. Calhoun, and P. Kuhnle, "Fiber-optic
Distributionof  [l1t]a-stable. Timing Signals for JP1.s
Deep Space Networ k", Proceedings of I1EEE Southeast-
con ‘90, New Orleans, 1. A, May 199C.




JPL

N e L e L U NAD AT AT
[ e o \\_.\,.\ _Aju_(\/:\ -

ENVIRONMENTAL EFFECTS ON THE STABILITY
OFCOPTICAL FIBERS USED FOR
REFERENCE FREQUENCY DISTRIBUTION

~

M.CALHOUN, P, KUHNLE, AND J. LAW

JET PRCPULSION LABORATORY
CALI FORNI A INSTITUTE OF TECHNOLOGY
4300 OAK GROVEDRIVE

PASADENA. CA. 91109

L= -




JPL

JET PROP ULS!ON LABORATORY

OBJECTIVES

@® TEST AND CHARACTERIZE ENVIRONMENTAL EFFECTS
AT THE NASA/JPLDEEP SPACE STATIONS

@ DESIGN AND IMPLEMENT A DISTRIBUTION SYSTEM
TO FUNCTION IN A HARSH ENVIRONMENT

@ PROVIDE SUPPORT FOR RADIO SCIENCE EXDER”!:MENTS
IN THE NASA/JPL DEEP SPACE NETWORK

@ PROVIDE NOISE-FRzE, =iGH = BILITY %
FREQUENCY TO THE DEEP SPACE STATION ANTENNA
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